Coastal density currents induced by buoyancy supply along an upper coast are studied in a threedimensional numerical model. Scaling analysis of the governing equations reveals that when the vertical eddy diffusivity is small, the horizontal Ekman number E h = Ahf/(q'Qe) 2/3 is the crucial parameter determining the structures of the current, where Ah is the horizontal eddy viscosity, Qe is the discharge rate per unit length along the coast, q' is the reduced gravity constant, and f is the Coriolis parameter.
INTRODUCTION
Horizontal density differences between light coastal water and saltier offshore water tend to produce coastal density currents moving with the coast to the right (left) in the northern (southern) hemisphere. Both field observations and recent satellite pictures show that many of such coastal currents are highly unstable. For example, Figure 1 shows a thermal infrared picture of the East China Sea taken by the NOAA 9 satellite on March 24, 1986. In this picture the lighter tones represent colder water from the coast, and the darker tones represent warmer offshore water. Large-amplitude wave patterns with a length scale of 50 km can be easily seen on the density current, which flows southerly along the east coast of China and is induced by the freshwater runoff from the Yangtze and other rivers. Similarly, Zhang and Klemas [1982] found from satellite pictures an elliptic cyclonic ring with a long axis of 120 km and a short axis of 60 km and some other smaller cyclonic rings on this density current.
Like on the density current of the East China Sea, seaward projections of lighter water and unstable waves were detected on the Leeuwin Current [Legeckis and Cresswell, 1981 ; Cresswell and Golding, 1980], the Norwegian Coastal Current [Mork, 1981] and on the Ligurian Coastal Current [Crepon et al., 1982] . It is noteworthy that all the unstable waves and eddies observed on the coastal density currents have a length scale of 50 to 100 km and have a large amplitude. This latter fact implies that the underlying dynamics of the unstable waves are strongly nonlinear.
The unstable behavior of the coastal density currents has prompted several laboratory and theoretical investigations. By releasing buoyant fluid from the inner circular wall of a rotatCopyright 1988 by the American Geophysical Union.
Paper number 8C0062. 0148-0227/88/008C-0062505.00 ing cylinder, Griffiths and Linden [1981, 1982] showed that wavelike perturbations develop on the quasi-steady azimuthal flow near the wall as it develops in width. The waves then grow in amplitude, break on the upstream side, and eventually distort the flow pattern. By releasing buoyant water through a point source, Stern et al. [1982] and Griffiths and Hopfinger [1983] also showed experimentally that the coastal density currents are unstable turbulent flows.
Under the assumption of the uniform potential vorticity of the flow, Stern [1980] was the first to theoretically find the solutions that represent breaking waves, blocking waves, and cyclone-anticyclone vortex pairs on the density flow. Using the reduced gravity model, instability on coastal density currents was further studied by Killworth and Stern [1982] , Paldot [1983] , Kubokawa and Hanawa [1984] and Kubokawa [1986] . It was found that a density current may become unstable if the potential vorticity of the current is not uniform. In the case of uniform potential vorticity, the density current is unstable only when the frontal trapped and coastal trapped waves coalesce [Kubokawa, 1986] .
Concerning the behavior of large-amplitude unstable waves on density flows, Stern [1985] and Pratt and Stern [1986] investigated a piecewise uniform potential vorticity flow using the contour dynamics method. They studied the influence of initial disturbance conditions on the shingle formation and on eddy detachment from the basic flow and obtained similar wave patterns between the numerical result and the observation from the Gulf Stream surface front [e.g., Lee and Atkinson, 1983] . Since their studies concerned the Gulf Stream frontal system, the model was also based on the one-layer reduced gravity model, which neglects motion in the lower layer. In the real coastal areas, however, the lower layer is generally shallow. As was noted by Killworth et al. [1984] in a two-layer model, an active lower layer may cause new types of instability (baroclinic instability) on the density front. Thus it is necessary to take the motion in the shallow lower layer into In this study we investigate the instability of coastal density currents using a three-dimensional primitive equation model in a periodic channel basin. Since the main portion of density currents generally extends over the flat continental shelf, we replace the narrow bottom slope near the coast by a vertical coastal wall and assume the basin's bottom to be flat. We produce the density currents in the model basin by introducing buoyancy flux constantly and uniformly from the upper coastal wall. In real coastal areas, buoyancy supply varies in time as well as in the longshore direction. These variations, however, can be neglected if we are to study the fundamental processes associated with the unstable density currents. Special attention in the present study is directed to the occurrence of initial disturbances, the energetics of the unstable waves, and the eddy mean flow interactions after the unstable waves develop into the finite-amplitude stage. The eddy detachment in the finite-amplitude stage of the unstable waves is important in water mass exchanges across the density currents. This detachment process is investigated in the present study using the technique of Lagrangian particle tracking Imasato et al., 1980] . Unlike other methods [e.g., Stern, 1985] , this tracking method enables us to track water movement even after eddies detach from their original water mass. In shallow coastal areas, turbulence is easily generated by meteorological disturbances or strong tidal currents. These factors are regarded as subgrid-scale phenomena in the present study and are introduced into the model in the form of eddy diffusivity. How changes in the eddy diffusivity and in the buoyancy supply rate may influence the criterion of density currents' instability is also investigated. In the next section we describe the model's system and select external parameters for the numerical calculations. In section 3, characteristics of a representative unstable density current are investigated in detail. The energetics involved in the unstable processes are further studied in section 4. In section 5 we discuss the dependence of unstable currents on the external parameters and compare the result with those derived from a two-layer frictional quasi-geostrophic model. In the last section the results are summarized and their applications to the real coastal currents are discussed.
MODEL DESCRIPTION
Under the Boussinesq and hydrostatic approximations, the model ocean on the f plane is governed by following equations:
where (u, r, w) are velocities in the (x, y, z) directions, p is the density, Po is a reference density, S is the salinity, and f is a constant Coriolis parameter. The subscripts x, y, z, and t denote partial differentiation, and the advective operator L is given by L(a)= (ua)x + (va)y + (Wa)z. A v and A h are coefficients of the vertical and horizontal eddy viscosity, respectively. K•, and K h are eddy diffusivities and are assumed to be equal to Av and Ah, respectively. For simplicity, only the linear effect of salinity on density is taken into account, such as in (6), where fl is the expansion coefficient for salinity.
The above governing equations are solved in the model basin shown in Figure 2 , which is 240 km x 800 km in size with a constant depth of H 0 -200 m. In the model basin the x axis is positive to the right along the coast, the y axis is positive offshore, and the z axis is positive upwards. Periodicity is assumed in the x direction. Boundary conditions for the velocity field are no slip at the coast and free slip at the offshore wall, so that u=v=O y=Okm uy = v = 0 y = 240 km
The model's surface and bottom are assumed to be free from fluxes of momentum, so that u z=vz=0 z=0, --H 0
At the surface a rigid-lid approximation is also-adopted so as to eliminate the surface gravity waves for a more efficient If the freshwater supply is uniform in the longshore direction, the induced density current will grow independently of the x direction before instability can occur. This indicates that the velocity and salinity profiles in the cross-shore (y-z) section are essential in determining the occurrence and development of the initial disturbances. In the following we examine what external parameters determine the cross-shore section profiles of the density current. After assuming that x derivatives are zero in the governing equations, and cross differentiating (3) and (2) with respect to y and z to eliminate the pressure, In the following numerical experiments, we assume that the vertical dissipation effect is smaller than its horizontal counterpart and focus our discussion on how the horizontal Ekman number E• influences the instability of the coastal currents. In order to study this E h dependency, we use various 
BEHAVIOR OF THE UNSTABLE DENSITY CURRENT
In this and the next section, a representative case in which the buoyancy-driven density current develops unstably is studied in detail. In this representative case, A h = 1 x 106 cm 2 s-1 and Qe--1500 cm 2 s -1 (i.e., Eh-0.071). More general features of the density currents and their dependence on the horizontal Ekman number will be discussed in section 5. Figure 3 shows the time evolution of the horizontal salinity patterns for the representative case at two depth levels (12.5 m and 87.5 m). At the initial stage the density current grows uniformly along the coast, and its longshore velocity generally satisfies the thermal wind balance, fu= -gl•Sy. The density current's isohalines start to exhibit visible grid-scale disturbances in the longshore direction from day 30. These disturbances then evolve rapidly into the large-scale unstable waves with a wavelength of 100 km. The unstable wave crests on day 40 are found to lean backward in relation to the direction of the moving current. The existence of such "backward breaking waves" was also exhibited in a set of laboratory experiments by Linden [1981, 1982] . The amplitude of the unstable waves reaches its maximum value around day 44; thereafter wave patterns become obscure, and the horizontal salinity gradients weaken.
The growth of the unstable waves is also well manifested in Figure 4 where the temporal evolution of v' patterns is shown.
In this study an overbar denotes a zonal-averaged quantity and a prime denotes an eddy quantity which is the deviation from its zonal-averaged value, that is,
if(y, z, t) = • v(x, y, z, t) dx (19) v'(x, y, z, t) = v(x, y, z, t) -•(y, z, t) (20)
where L is the length of the basin. Two facts in Figure 4 are noteworthy. The first fact is that the phase of the unstable waves deflects to the -x (upstream) direction as z increases (compare the arrows on day 40). Since the vertical shear of the density current t2= is positive (from the thermal wind relation), it can be expected that the instability of the density current occurs via a baroclinic process [Pedlosky, 1979] . In other words, there is a transfer from the potential energy of the current to the eddy kinetic energy of the unstable waves. This expectation will be verified in the next section when we consider the energetics of unstable waves. The second fact is that as the unstable waves grow in amplitude, the patterns of v' elongate in the cross-shore direction and eventually split into two detached eddies (compare the patterns on day 46 in As is indicated by the pattern on day 24, light and dark particles are released initially inside and outside the density current, respectively. After instability occurs on the density current, we find that the current water moves rapidly offshore owing to the growth of the anticyclonic eddies (which correspond to the wave crests in Figure 3 ). Behind the anticyclonic eddies, the cyclonic eddies are found to effectively entrain the outer ocean water toward the coast. It is important to note that after the unstable waves decline from day 44, the cyclonic eddies' entrainment of the outer ocean water weakens, and the eddies start to move downstream (+ x direction) at a speed of 10 cm s-:. In contrast, the anticyclonic eddies offshore start to move upstream at the same magnitude of speed. It is these opposite longshore movements of the cyclonic and anticyclonic eddies that tear themselves apart after the eddies elongate in the cross-shore direction. As is shown in Figure 5 , the movement of these eddies also plays an important role in the material exchange between the current water and outer ocean water. The mechanisms that produce such eddy movement will be further studied in the next section. 
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-14. In cases where E h is large, that is, either when the freshwater supply is small or the diffusive effect in (23) is large, no abrupt changes of APE appear in the numerical experiments. This is simply because the excessive accumulation of fresh water is not possible near the upper coast. Moreover, our numerical experiments reveal that when Eh exceeds a critical value (see section 5), sudden changes in the salinity and velocity fields will inevitably occur through the above processes, triggering grid-scale disturbances in the longshore direction. Depending on the vertical shear strength of the basic mean current, the grid-scale disturbances thus triggered may be suppressed by the dissipative effect, such as the case on day 24 in Figure 6a , or they may eventually evolve into large-scale unstable waves as on day 32. The conditions determining the development of the grid-scale disturbances will be studied in section 5.
ENERGETICS OF THE UNSTABLE WAVES
In order to understand the dynamics of unstable density currents, it is important to clarify the energetics involved in the instability process. In this section we discuss the energy transfers among the MKE, EKE, and potential energy (PE) of the density current. The energy equation for MKE can be derived from multiplying (1) by a and (2) by • and then adding them together. In the same way, multiplying (1) by u' and (2) by v' and adding gives the energy equation for the EKE. That is, the time change of the total energy in the basin is determined by the sum of the potential energy supply and the dissipation of the total energy. Figure 8 shows the time changes of the energy balances of (24), (25), and (26) for the case discussed in the preceding section. We next investigate these balances by separating them into three different stages according to the different underlying dynamics.
Energy accumulation stage (day 0 to day 33). The buoyancy-driven density current at this stage grows steadily with insignificantly small variation in the longshore direction. As is shown in Figure 8a , the terms of (24) are negligible in the model basin. The noticeable feature at this stage is the sudden periodic changes in Pt (compare arrows in Figure 8c ) caused by the salinity reversal near the coast discussed in the last section. Since the buoyancy supply rate is held constant, these sudden changes directly effect {Pm, Km), the energy transfer from the mean potential field to the mean kinetic field, and eventually cause temporal changes in the MKE field (compare arrows in Figure 8b ). As was discussed in the last section, each of these sudden changes promotes the development of the grid-scale disturbances.
Linear developing stage of the unstable waves (day 33 to day 40). At this stage, the triggered grid-scale disturbances become organized and evolve into large-scale unstable waves through the nonlinear cascading process. As is found in Figure  6a , the unstable waves at this stage have small amplitude, and their growth can be described by the linear instability theory. From Figure 8a it is clear that (Pe, Ke), an energy transfer from the eddy potential field, is the source which feeds the growth of the EKE. In other words, the density current develops unstably through baroclinic instability. This finding is In Figure 5 we mentioned that after the unstable waves evolve to their nonlinear stage, the cyclonic eddies near the coast and the anticyclonic eddies offshore begin to move in the + x and -x direction, respectively. These eddies' movements can also be seen well in Figures 11a and 11b As a result, we find that after the unstable waves evolve into the nonlinear stage, the energy transfers through the "negative viscosity" will induce mean flows moving in the opposite direction at the edge of the density current. The advections of these mean flows will cause the fully developed unstable waves to detach in the cross-shore direction, resulting in water mass exchanges across the density current.
To conclude this section, we show the averaged energy transfer flows during the three stages in Figure 12 . The open arrows in Figure 12 indicate transfers between different types of energy, and the solid arrows indicate energy dissipation. The time change value is written under the name of each energy. The differences in the dynamics at each stage described above are concisely summarized in this figure. numbers are shown in Figure 14 . A variation in E h also affects the linear growth rate of the unstable waves. In Figure 15a we summarize the E h dependence of the wave number and the linear growth rate for all the unstable cases obtained in the numerical experiments. From Figure 15a , we notice that the wave number decreases in general as E h becomes larger and that the linear growth rate also decreases with increasing E h. The linear growth rate becomes zero (stable case) as E h exceeds the critical value Ehc , which corresponds to the solid line in Figure 13 . As was mentioned in the previous sections, the unstable waves at the linear developing stage have small amplitudes, and their development follows the linear instability theory. To further investigate the role of E h in determining the wave number and the growth rate of the unstable waves, it is of interest as a comparison to consider the density current in a two-layer quasi-geostrophic model including the horizontal diffusive effect. Since the unstable waves grow via baroclinic instability at their linear developing stage (section 4), this implies that the vertical shear of the density current is more essential than the current's horizontal shear in determining the wave number and the growth rate of the unstable waves. Thus we neglect the current's horizontal shear in the following analysis.
THE E h DEPENDENCE OF DENSITY CURRENTS
Suppose that Uj and pj are the velocity and density of the Figure 15b also shows that the existence of the shortwave cutoff mentioned above has prohibited perturbations with n > 8 from growing. Since unstable waves with the largest growth rates will actually emerge in the basin, the dashed line in Figure 15b gives the actual growth rate and its corresponding wave number. It is clear that an increase in E h leads to a decrease in n as well as in kc•, which is qualitatively consistent with the numerical results of Figure 15a . Moreover, Figure 15b suggests that although the perturbation with n--1 has a nonzero growth rate, it will not actually emerge in the current system because of its weak growth rate. This fact can qualitatively explain why long unstable waves with n < 4 are not obtained in the numerical experiments (Figure 15a) .
Another fact revealed by the quasi-geostrophic model is that even when the model's horizontal Ekman number E h is smaller than Ehc , the density current will not become unstable unless the vertical shear of its longshore velocity, Us, exceeds a certain value. For example, Figure 16 shows the evolution of In cases where E• is smaller than the critical value, the numerical experiments showed that excessive accumulation of fresh water near the upper coast promotes the vertical advection of lower layer saline water, inevitably causing sudden reversals in the time change of the salinity near the coast. Such temporal reversals in the density field break down the quasisteady balance of the density currents and promote grid-scale disturbances in the longshore direction. After the vertical shear of the density current exceeds the threshold value of the instability, the grid-scale disturbances evolve rapidly into large-scale unstable waves through the nonlinear cascading process. In the numerical experiments, the linear growth rate of the unstable waves ranges between 2 and 7 days in the e-folding time scale and the unstable eddy scales range between 50 and 100 km.
As was mentioned in the introduction, the scale of eddies observed on density currents in the real ocean is of the order of 50-100 km, which corresponds well to that in the numerical experiments. The growth rate of unstable waves in the real ocean, however, is rather difficult to ascertain from a single synoptic observation. Griffiths and Pearce [1985] reported that in the Leeuwin Current, small perturbations took 10-15 days to become well-developed eddies. In the unstable case considered in section 3, the growth from small perturbations to fully developed eddies can be seen between days 33 and 43 (compare Figure 6a) . This time interval is in the same range as that observed by Griffiths and Pearce [1985] .
Parametric studies in the numerical experiments further revealed that the unstable waves' linear growth rate decreases with increasing E•, while the unstable eddy scale increases as E h increases. This E h dependency and the existence of the short wave cutoff and the longwave cutoff in the numerical results can be qualitatively explained by the two-layer quasigeostrophic instability theory with the horizontal eddy diffusivity effect included. Holland and Schmitz [1985] Study of the energetics of unstable waves revealed that at the early stages of instability, perturbations grow by subtracting energy from the available potential energy of the density current, that is, instability occurs via the baroclinic process. This result suggests that the motion in the finite-depth lower layer is crucial in determining the instability of the coastal density currents.
As in the laboratory experiments of Griffiths and Linden [1981, 1982] and in the field observations of Griffiths and Pearce [1985] , we also observed in our numerical experiments cyclonic-anticyclonic eddy pairs and backward breaking waves on the unstable density currents. In order to examine the detachment process of the cyclonic-anticyclonic eddies at the nonlinear stage, we tracked passive particles in the surface level. After the density current becomes unstable, we found that low-salinity water in the density current is "blocked" offshore owing to the anticyclonic eddies advancing seaward. At the same time, as cyclonic eddies develop near the coast, outer oceanic water is effectively entrained shoreward. The movement of this outer oceanic water toward the coast exhibits a streamerlike pattern and is similar to the surface temperature patterns observed from satellite pictures [e.g., Griffiths and Pearce, 1985] .
After the unstable waves attain large amplitudes, we found that an energy transfer from the EKE to the MKE field exists through Reynolds stresses. In the model basin, this energy feedback accelerates the density current near the coast and stimulates a barotropic flow offshore moving with the coast to the left. These induced mean flows subsequently cut off the fully developed unstable waves and advect the cyclonic (anticyclonic) eddies in the downstream (upstream) direction with a speed of 10 cm s-•. On the Leeuwin Current, Cresswell [1977] observed an anticyclonic eddy which was stationary for the first 30 days and then started moving upstream at 5 cm s-1 This movement of the anticyclonic eddy may be caused by the above mechanisms of our numerical experiments.
